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I. INTRODUCTION
After the Dubna team discovery ͓1͔ of large parity violation for neutron resonances in heavy nuclei, the Time Reversal Invariance and Parity at Low Energies ͑TRIPLE͒ Collaboration initiated a program to study parity violation in compound nuclei, using the high neutron flux available at the Manuel Lujan Jr. Neutron Scattering Center at the Los Alamos Neutron Science Center ͑LANSCE͒. A statistical ansatz was adopted: the compound nucleus is considered a statistical system and the symmetry-breaking matrix elements as random variables. In this approach the result of a parity nonconservation ͑PNC͒ experiment is the root-mean-square symmetry-breaking matrix element which is obtained from a set of longitudinal asymmetries ͕p͖ E measured for many resonances. For a particular resonance at energy E, the asymmetry p is defined by the equation
where Ϯ (E) is the neutron cross section for the ϩ and Ϫ neutron helicity states, and p (E) is the p-wave resonance cross section for unpolarized neutrons. Results from the early measurements are discussed in the reviews by Bowman et al. ͓2͔, Frankle et al. ͓3͔, and Flambaum and Gribakin ͓4͔. After the initial measurements we improved the experimental system, repeated and improved the early measurements, and carried out experiments with additional targets. The most recent review is by Mitchell et al. ͓5͔. In practice the parity violation measurements are feasible only near a maximum of the p-wave neutron strength function. The initial TRIPLE measurements with 232 Th and 238 U were near the maximum of the 4p neutron strength function, and thus gave no information concerning any mass dependence in the effective nucleon-nucleus weak interaction. Therefore our attention turned to the mass Aϭ110 region, where the 3p neutron strength function maximum is located. We performed measurements on a number of targets from this region, and results have been published for several nuclei:
93 Nb ͓6͔, duces a large uncertainty into the value for the rms PNC matrix element. In the present paper we report the PNC study on 115
In. These measurements form part of the Ph.D. dissertation of Lowie ͓11͔. In addition, we present the resonance spin assignments from measurements performed at the Institute for Reference Materials and Measurements ͑IRMM͒. These latter measurements form part of the Ph.D. dissertation of Zanini ͓12͔.
In Sec. II the experimental methods for these two measurements are described, while the data analysis is discussed in Sec. III. The experimental results are presented in Sec. IV. The analysis for the extraction of the PNC matrix elements and weak spreading widths is described and the results for indium are given in Sec. V. The final section presents a brief summary.
II. EXPERIMENTAL METHODS

A. Parity violation
Transmission measurements of PNC asymmetries p were performed at the Manuel Lujan Jr. Neutron Scattering Center ͑MLNSC͒ pulsed neutron source. This spallation source is described by Lisowski et al. ͓13͔ . The apparatus developed by TRIPLE to measure p is described in a number of papers: including the original experimental layout ͓14͔, neutron monitor ͓15͔, polarizer ͓16͔, spin flipper ͓17͔, and neutron detector ͓18͔. The layout of the polarized neutron beam line for the present PNC experiments is given in Ref. ͓8͔. The measurements were performed on flight path 2, which views a gadolinium-poisoned water moderator and has a cadmium/ boron liner to reduce the number of low-energy neutrons emerging in the tail of the neutron pulse. After the moderator the neutrons are collimated to a 10-cm-diam beam inside a 5-m-thick biological shield. The neutrons then pass through a 3 He/ 4 He ion chamber system ͓15͔ that acts as a flux monitor. The neutron flux is measured by the monitor for each neutron burst, and these measurements are used to normalize the detector rates. Next, the neutrons traverse a polarized-proton spin filter ͓16͔ where neutrons with one of the two helicity states preferentially scatter out of the beam, leaving a beam of longitudinally polarized neutrons ͑with the value of polarization f n Ӎ70%). The fast neutron spin reversal ͑every 10 s͒ was accomplished by passing the neutron beam through a spin flipper consisting of a system of magnetic fields ͓17͔. In addition to frequent spin reversal, the neutron spin was also flipped by reversing the polarization direction of the proton spin filter approximately every 2 days. The total effective production time for indium data was 8 days.
The PNC effects in indium were measured by transmitting the neutron beam through samples located at the downstream part of the spin flipper. We used two samples of natural indium with nϭ2.88ϫ10 23 atoms/cm 2 and nϭ5.86ϫ10 23 atoms/cm 2 , respectively. The measurements were performed both at room temperature and at 77 K. The 10 B-loaded liquid scintillation detector ͓18͔ is located 56.7 m from the neutron source. The 55-cell segmented detector can handle instantaneous counting rates up to 9 MHz per cell with a dead time of about 20 ns. The detector has an efficiency of 95%, 85%, and 71% at neutron energies of 10 eV, 100 eV, and 1000 eV, respectively. The neutron mean capture time in the detector is (416Ϯ5) ns. The data acquisition process is initiated with each proton burst. The detector signals are linearly summed and filtered. An analog-to-digital converter ͑ADC͒ transient recorder digitally samples the summed detector signal 8192 times in intervals determined by the filtering time. The 8192 words are added, as a ''pass,'' to a summation memory for 200 beam bursts before being stored. The data from 160 passes form a 30-min ''run'' for the data analysis. For indium 162 runs with a channel width of 100 ns were used in the final analysis. In addition, 34 runs were measured and analyzed with a channel width of 200 ns.
B. Spin determination
Measurements to determine resonance spins in 115 In were performed at the Geel Linac pulsed neutron source facility using the time-of-flight ͑TOF͒ technique ͓12͔. The experimental setup was the same as for previous measurements with 107, 109 Ag targets ͓8͔. A 75-g sample of indium, enriched to 99.9% in 115 In, on loan from the ORNL Isotope Pool, was used. Neutron capture ␥ rays were detected by two coaxial intrinsic Ge crystals of 70% efficiency ͑relative to the 60 Co 1333-keV line͒. The amplitude information from the Ge detectors was measured with two 8k fast ADCs over the ␥-ray energy range 0.1-7.2 MeV, in coincidence with the TOF information, measured with a 25-bit multiple-shot time digitizer. The data were recorded in an event-by-event mode on a 1-Gbyte hard disk of a PC-based data acquisition system. The neutron energy range from 3 to 480 eV was covered and a total of 30 Gbyte of listmode data were collected over a period of 800 h.
III. DATA ANALYSIS
A. Transmission data
Resonance parameters were determined by analysis of the data summed over both helicity states. Background and dead time corrections were applied as described by Crawford et al. ͓19͔ . The shape analysis was performed with the code FITXS ͓20͔, which was written specifically to analyze the TOF spectra measured by the TRIPLE Collaboration. The multilevel, multichannel formalism of Reich and Moore ͓21͔ was used for the neutron cross sections, which were convoluted with the TOF resolution function studied in detail by Crawford et al. ͓19͔ . The final fitting function is written as
where D (t) is the Doppler-broadened total cross section, B t (t) is the instrumental response function ͑which includes line broadening due to the initial width of the pulsed beam, neutron moderation, finite TOF channel width, and neutron mean time for capture in the detector͒, ␣/E 0.96 is an energy dependent neutron flux as measured by Smith et al. ͓22͔ , and the second term represents a polynomial fit to the background. ͑The symbol indicates a convolution.͒ Since the initial TOF spectra were taken with unknown detector effi-ciency and neutron flux, a normalization procedure was performed using well-known parameters of the 39.62-eV, 46.40-eV, and 62.97-eV indium resonances ͓23͔. Details of the fitting procedures are given by Crawford et al. ͓19͔ . From this analysis the neutron resonance energies, g⌫ n widths, and radiative widths can be obtained. A sample of a multilevel fit to the natural indium TOF spectrum in the energy region 30-90 eV is shown in Fig. 1 .
After determining the resonance parameters and fixing them, the additional parameters ( f n p)
were fit separately for the ϩ and Ϫ helicity TOF spectra.
Here p f n Ϯ is the experimental neutron cross section for the ϩ and Ϫ neutron helicity states ͑which is dependent on the beam polarization͒, and f n is the absolute value of the neutron beam polarization. Because the f n value is the same for the ϩ and Ϫ cases, the quantities ( f n p) ϩ and ( f n p) Ϫ should differ only by a sign, although statistical and systematic uncertainties may introduce further differences. The asymmetry p defined by Eq. ͑1͒ was calculated as
with the use of the f n value obtained for each run from a proton magnetic resonance measurement. The NMR measurement is normalized to the result of a separate study of the well-known longitudinal asymmetry of the 0.74-eV resonance in lanthanum. The analysis to determine the PNC asymmetries in indium was performed on a run-by-run basis.
A sample fit near the 29.6-eV resonance and the histogram of the p values obtained for this resonance are shown in Fig. 2 .
B. Spin assignments
In order to determine the resonance spins, the low-level population method of spin assignment was used. This technique exploits the fact that the population of the low-lying excited states reached through ␥-ray cascades from a neutron resonance depends strongly on the resonance spin and the spin of the excited state: the smaller the spin difference between the neutron resonance and a given final state of the cascade, the larger the population of the final state. The relative populations of the excited states are determined by measuring the intensities of the ␥-ray transitions that deexcite them. In order to increase the sensitivity of the method and also to avoid normalization problems for the different resonances, it is convenient to measure the intensity ratio of two transitions depopulating levels of different spin. Usually a larger spin difference leads to a larger effect. In the past, as reviewed in ͓23͔, this method was successfully applied to a number of nuclei to determine the spins of s-wave resonances. This method has been successfully extended to p-wave resonances for the nuclides 238 U ͓24͔,
113
Cd ͓24͔, 107 Ag ͓8͔, and 109 Ag ͓8͔. From the recorded indium data, 140 capture ␥-ray spectra ͑corresponding to the TOF intervals of indium resonances or background regions͒ were sorted. The TOF spectrum in the energy range 3-480 eV is shown in Fig. 3 . The energies of the resonances analyzed are indicated, with the p-wave resonance energies underlined. In order to obtain the pure capture spectrum of a given resonance, the ␥ spectrum corresponding to one or more nearby background regions was subtracted from the raw data. For unresolved resonances, the yield was fit with the shape program FANAC ͓25͔. For each resonance the contribution of the nearby resonance in the given TOF interval was determined and the corresponding ␥-ray spectrum subtracted. This procedure was applied to In easier than the lower-spin p-wave resonances. Therefore, a large fraction of the decays after neutron capture would be lost; that is, the selected low-energy transitions do not occur for 6 Ϫ resonances.
Other intensity ratios have been studied, notably Fig. 6 for s-wave resonances shows two groups of clustering values; one is related to Jϭ4 and the other group to Jϭ5 resonances. These intensity ratios cannot be used systematically for the p-wave resonances, because of the lower intensities of the ␥-ray transitions. However, for the stronger p-wave resonances they can be used to support the J assignment based on the ratio I(186)/I(273). For instance this is the case for the resonance at 302.6 eV, which has a higher value of I (186) In Table I the values I(186)/I(273) are given for the p resonances. Also the energies of the observed primary transitions, and the spin and parity of the final states, are indicated. Besides providing information on the resonance spins, they are useful for the resonance parity assignment, as discussed in the next section.
I(376)/I(385) and I(186)/I(171ϩ174). A comparison of I(186)/I(273) with I(376)/I(385) in
IV. EXPERIMENTAL RESULTS
A. Neutron spectroscopy data
Neutron resonance parameters, including spins, are listed in Table II. The energy scale was calibrated using the indium resonance energies from the compilation by Mughabghab et al. ͓23͔ . The orbital angular momentum l was assigned by two indirect methods: one uses a Bayesian probabilistic argument ͓27͔ and the other uses the decay properties of primary ␥ rays ͓12͔. The first method applies Bayes' theorem to the Porter-Thomas distributions of neutron widths for s-and p-wave resonances. This method was extensively used in our p-wave neutron spectroscopic studies, e.g., by Smith et al. ͓22͔ . The second method is based on the observation of primary ␥ transitions to low-energy levels of known spin and parity. The ratio between the E1 and M 1 photon strength functions for high-energy transitions for 116 In is about 6 ͓28͔; therefore E1 transitions are more likely to be observed than M 1. As shown in Table I , only high-energy transitions to levels with positive parity are observed for p-wave resonances, which is consistent with the lϭ1 assignment.
The neutron widths ͑the g⌫ n parameters͒ show general agreement with those obtained by Frankle et al. ͓29͔. There are a few cases ͑e.g., for the resonances at 58.76 eV, 86.3 eV, and 146.78 eV͒ where the widths differ by as much as a factor of 2. The origin of this discrepancy is unknown. However, these resonances are not important for our PNC study. The dominant uncertainties in the g⌫ n and ⌫ ␥ values shown in Table II are systematic, arising from the uncertainty in the count rate normalization and from the difference in our results for the two samples. Since the present results are in general agreement with the previous TRIPLE measurements ͓29͔, one expects the average resonance parameters to be little changed. 
B. Longitudinal asymmetries
As discussed in Sec. III, the histograms of the PNC asymmetry values for individual runs were plotted for each resonance. From these histograms a mean value of the asymmetry and its error were determined. The uncertainty in the mean value of p is the variance of the histogram divided by N 1/2 . In this approach all errors contribute to the width of the histogram; as a result the histogram width gives a realistic estimate of uncertainty in the p value. The p values for the resonances which were analyzed are listed in Table II . There are nine statistically significant PNC effects. The longitudinal asymmetries are plotted versus energy in Fig. 7 .
V. PNC ANALYSIS AND RESULTS
The details of the analysis of the PNC cross section asymmetries are given by Bowman et al. ͓30͔ . The specific application has been described in a number of our previous papers, e.g., our study of PNC effects in silver ͓8͔. The essential argument is that the observed PNC effect in the p-wave resonance is due to contributions from neighboring s-wave resonances. Assuming that the weak matrix elements connecting the opposite parity states are random variables leads to the result that the longitudinal asymmetry is also a random variable. From the distribution of the asymmetries one can infer the variance M 2 of the matrix elements -this is the mean square matrix element of the PNC interaction. The practical details of the analysis depend on knowledge of the spectroscopic parameters. The essence of our approach to the likelihood analysis is to include all available spectroscopic information and to average over remaining unknowns. The net result is that more information reduces the uncertainty in the rms value of the matrix element. We provide an explicit example of this below. Since the rms PNC matrix element M may depend on J, we label the matrix element as M J . If the spins are known ͑such as for the resonances with Jϭ5͒, one can fit the Bayesian posterior probability function L(M J ) separately to the matrix elements M J using the equation
where P 0 (M J ) is the assumed prior probability density function for M J , P I is the appropriate probability density function ͓Eq. ͑16͒ in Ref. ͓30͔͔ with experimental asymmetry p , and is the corresponding uncertainty. The normalization is discussed below. Even in this favorable case, with all spins known, there is still the problem that the entrance channel neutron jϭ3/2 and jϭ1/2 amplitudes of resonances are unknown. This factor is accounted for statistically by using the average value of the ratio of S 3/2 1 and S 1/2 1 strength functions, which is described by the parameter a (aϭ0.58 for indium ͓31͔͒.
If there is incomplete information on the J values, one can fit to the weak spreading width
assuming that ⌫ w is independent of J. In this case the expression for the posterior probability function is
where M J is written as a function of ⌫ w from Eq. ͑6͒, and D(J) is a known parameter for spins Jϭ4 and Jϭ5. Additional quantities entering Eq. ͑7͒ are the relative probability p(J) of spin J and a Gaussian G, which is the probability density function for resonances with spin JϭIϮ3/2 that cannot exhibit parity violation. The relative probabilities p(J) are estimated using the standard statistical model for the J dependence; see, for example, the discussion by Bowman et al. ͓30͔ . Of course when J is known, then the probability vanishes for all except the one known J value. The remaining issue is the normalization. In practice we assume that the prior P 0 (⌫ w ) is a constant up to some value and zero above this value. Since we have measured weak spreading widths in a number of nuclei, we know that the weak spreading width is unlikely to be more than about (5 -6)ϫ10 Ϫ7 eV. For the present calculations we used the constant prior below 10ϫ10 Ϫ7 eV and zero above this value. We have determined empirically that the results are insensitive to the cutoff value chosen. Since the expression of Eq. ͑7͒ with a constant prior is a likelihood function, the uncertainties in where ⌫ w * is the most likely value and ⌫ w Ϯ gives the confidence range.
Our information on the spins of p-wave resonances in 115 In is not complete. Therefore, the likelihood analysis was performed using Eq. ͑7͒ with the data from both the J-known sets and the remaining J-unknown set. The resulting likelihood function is shown in Fig. 8 . This case of maximum available spin information gives a value of ⌫ w ϭ(1.30 Ϫ0.43 ϩ0.76 ) ϫ10 Ϫ7 eV. As an example of the importance of the resonance spin assignments, Fig. 9 shows the likelihood functions for 115 In with all p-wave spin information omitted. Note that for this case the second term in each factor in Eq. ͑7͒ is always present and is independent of M ͑or ⌫ w ). This makes clear that it is the prior that ensures normalizibility. The width of the likelihood function for this case is a factor of 2 larger. Since there is little difference in the two values of D(J) for Jϭ4 and Jϭ5, one can infer the M value from the weak spreading width using Eq. ͑6͒ with D(J)ϭ2D 0 ϭ22 eV. This gives a value of M ϭ(0.67 Ϫ0.12 ϩ0.16 ) meV. Th, and thus consistent with a constant weak spreading width. However, our other measurements indicate the presence of local fluctuations in the weak spreading widths. The large spread in values of ⌫ w in this mass region makes it difficult to provide a definitive statement about a global mass dependence.
